Pulsed-field gel electrophoresis (PFGE) of Cpo I-digested genomic DNA and ribotyping (Bgl I) were applied to 60 Vibrio cholerae strains including 48 V. cholerae O139 from Thailand to compare their value in differentiating strains of the present V. cholerae O139 epidemic. PFGE patterns were divided into groups A and B representing five and four subtypes, respectively, while ribotyping showed four different patterns. PFGE group B subtypes were only presented among O139 isolates from Thailand, whereas four O139 strains from Bangladesh and India showed identical PFGE group A subtypes observed in O139 isolates from Thailand. Two nontoxigenic O139 isolates from Thailand showed different and unique PFGE types as did five V. cholerae non-Ol non-O139 isolates containing a gene virulence complex found in V. cholerae 0139. These results indicate that PFGE (Cpo I) can resolve recent evolutionry divergence within V. cholerae O139 and offers a useful supplementary tool for following the progressing V. cholerae O139 epidemic.
INTRODUCTION
In October 1992, an outbreak of a cholera-like disease occurred in Madras, India, and subsequently spread throughout India and Bangladesh [1, 2] . The causative organism of this outbreak was antigenically unique and was designated V. cholerae O139 synonym Bengal [2, 3] . In early 1993, V. cholerae 0139 was identified for the first time in Thailand and rapidly spread within the country [4] [5] [6] . Since the beginning of the outbreak V. cholerae O139 has spread to several Asian countries, demonstrating the pandemic potential of this new serotype [7] [8] [9] .
In recent years, a variety of molecular methods have been applied to V. cholerae epidemiology in an effort to obtain a more fundamental genetic assessment of strain interrelationships. Such approaches, aimed at direct genomic comparisons, include the analysis of chromosomal restriction fragment length polymorphisms (RFLPs) [10] , ribotyping [11] [12] [13] , and pulsed-field gel electrophoresis (PFGE) [14, 15] .
However, the application of these techniques to differentiate among V. cholerae O139 strains has shown little or no variation [10, 16, 17] with some reports suggesting a clonal nature of V. cholerae 0139 [5, 18] . Studying a collection of 53 V. cholerae 0139 strains isolated from patients in Bangladesh, India and Thailand we recently demonstrated four different Bgl I ribotypes [5] . Furthermore, O139 strains from Thailand showed a unique ribotype compared with strains from India and Bangladesh [5] . Although ribotyping showed variation among V. cholerae O139 strains the method did not discriminate strains with no epidemiological relationship. Therefore, a methodology which shows a high discriminatory power is needed for successful monitoring the spread of V. cholerae O139.
In the present study, we applied the PFGE technique testing a number of restriction enzymes to determine whether this technique could be used to differentiate among V. cholerae O139 strains mainly isolated in Thailand [19] . In addition, we compared PFGE types with results previously obtained by ribotyping [5] to establish a possible link between the two techniques, and to distinguish strains exhibiting identical ribotypes.
MATERIALS AND M E T H O D S

Bacterial strains
Forty-eight V. cholerae O139 strains isolated from patients at hospitals in Thailand between August and October 1993 and four O139 strains from Bangladesh and India were examined. We previously reported that all strains agglutinated O139 specific antisera and contained genes coding for a virulence gene complex, except strains NG 288/36 and NG 653/36 which lacked the virulence complex genes [5, 9] . One specimen that contained the gene complex, a V. cholerae Ol serotype Inaba strain, collected in 1993 in Peru from a patient with cholera-like diarrhoea in Lima and a V. cholerae Ol strain from Thailand were also studied [5] . In addition, five V. cholerae non-Ol non-0139 strains (NWBD 40/1, WBDH 697, WBDV 101E, WBDH 712 and FY2G) previously shown to contain similar virulence genes found in O139 were studied [5] . The five strains were recovered in northeastern Thailand in 1982 from different environmental sources [20, 21] . All strains examined are listed in Table 1 .
PFGE
Strains were grown as previously described [22] and DNA was prepared directly in a solid agarose plug (Bio-Rad, Hercules, CA, USA) as described by Cameron and colleagues [15] . For restriction endonuclease digestion thin slices were cut off the agarose plugs, equilibrated in the appropriate nuclease buffer for 1 h, and then digested 4 h with 20 U of enzyme per plug. If strains showed weak DNA fragment bands after electrophoresis and visualization the amount of enzyme was increased to 30 U and incubation was carried out overnight. In addition, new DNA preparations were performed of isolates which showed weak fragment bands. All enzymes screened, including Cpol, Not I, Sfil, Smal, Swal, Xbal and Xho I (Amersham, Arlington Heights, II, USA), were used according to the manufacturer's recommendation.
The samples were loaded as solid plugs into the wells of a 1-0% agarose (Litex LSL, Denmark) gels prepared in 0-5 TBE buffer (45 mM Tris, 45 mM boric acid, 2 mm Na 2 -EDTA, pH 83). PFGE was carried out by using a modified contour-clamped homogeneous electric field (CHEF) system [23] (Pulsaphor Plus, Pharmacia LK.B, Sweden). The running conditions were 12 V/cm at 14 °C for 22 h. The pulse times were increased as follows: 5 s for 3 h, 9 s for 5 h, 12 s for 5 h, 20 s for 4 h, 25 s for 3 h and 30 s for 2 h. Multimeric phage lambda (48-5 kb) DNA (Pharmacia LKB) was used as size standard. After electrophoresis, gels were stained in ethidium bromide (Sigma) (2/ig/ml) for 15 min, destained in distilled water for 15min, and photographed with 254-nm UV transillumination.
Ribotyping
Total bacterial DNA was extracted from each isolate tested by the method of Pedersen and Larsen [24] followed by restriction with Bgl I enzyme. Ribotyping was performed with digoxigenin-labelled 16S and 23S rRNA probes as previously described [12, 13] . A 1 kb DNA molecular weight standard (01 //g; GIBCO BRL, Gaithersburg, MD, USA) was used as a molecular size marker. The ribotyping results have in part recently been published by Echeverria and colleagues [5] .
RESULTS
Screening restriction enzymes for PFGE
Genomic DNA from 10 selected V. cholerae 0139 isolates from Bangladesh, India and Thailand were initially digested with the seven restriction enzymes (data not shown). Restriction with Xho I and Xba I gave > 25 fragments of < 50 kb with limited discrimination between isolates. Swa I and Sma I digestion resulted in > 30 fragments of < 150 kb and approximately 25 fragments of < 100 kb, respectively. Sfi I and Not I gave a suitable distribution of fragments with > 30 fragments of < 550 kb and about 25 fragments of < 440 kb, respectively. However, the two enzymes provided no or little discrimination among isolates tested. Restriction with Cpo I gave 1  2  2  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  3  4  7  3  8  9  9 10 11 Table 1 .
PFGE
Only > 100 kb bands were scored and PFGE {Cpo I) types were considered to be different if they differed by one or more bands. PFGE analysis of 52 V. cholerae O139 isolated displayed 11 different patterns (Fig. 1 , Table 1 ). The PFGE types were divided into two major groups arbitrary designated A and B, respectively. All group A isolates lacked a DNA fragment of approximately 235 kb which was present in all group B isolates. Although isolates within PFGE group A showed a very close resemblance, minor differences between the types were evident (Fig.  1 ). Hence, group A types were further divided into five subtypes, A1-A5. MO45 from India and V. cholerae Ol strain VC 889 from Thailand. Both showed an additional 105 kb fragment which was not shown by other A subtypes. Subtype A5 was observed in a single isolate from Thailand. Though V. cholerae 0139 isolates within PFGE group B were closely related differences were clearly visible ( Fig. 1, Table 1 ). Twelve isolates showed subtype Bl, which lacked a 105 kb fragment seen among seven subtype B2 isolates. Strain IPD 145 possessed an additional 225 kb fragment compared with subtypes Bl and B2 and was categorized as subtype B3. Group B subtypes were shown only among O139 strains isolated in Thailand.
The non-toxigenic V. cholerae O139 strains NG 288/36 and NG 653/36 showed unique PFGE types differing by several fragments compared with toxigenic O139 strains. V. cholerae Ol strain BAB 2209, previously shown to exhibit ribotype 3 [5] , and the five V. cholerae non-Ol non-Ol39 strains recovered from different environmental sources, all showed unique PFGE types which differed from the types shown by O139 isolates by several band fragments ( Fig. 1 , Table  1 ). Figure 2 shows examples of the Bgl I ribotypes. Thirty isolates belonging to ribotype 1 showed a 5-8 kb fragment which was absent in ribotypes 2, 3, and 4, respectively (data not shown for ribotype 4) [5] . Ribotype 3 contained 19 Thai isolates and one isolate from Peru which all lacked a 2-5 kb fragment seen among ribotypes 1 and 2 isolates. In addition, ribotype 3 isolates exhibited a 65 kb fragment which was absent in types 1 and 2 isolates.
Ribotyping
DISCUSSION
In the present study, a total of 11 different Cpo I PFGE profiles and 4 different Bgl I ribotypes were demonstrated among 54 V. cholerae O139 isolates studied ( [25] [26] [27] and longitudinal recovery from chronically infected patients [26] . In the present study, all strains tested could be typed by PFGE and patterns produced were stable except a few strains which showed weak fragment bands only when inadequate amounts of Cpo I was used for DNA digestion.
In PFGE, digested plasmids migrate according to the sizes of fragments, while uncut plasmids are reported to present aberrant mobilities [28, 29] . Preliminary studies of the plasmid content of V. cholerae O139 strains studied indicated that they rarely contained plasmids. When present these plasmids were < 10 kb in size as shown in one-dimensional electrophoresis and appeared with sizes < 100 kb in PFGE (unpublished data). Hence, in our study where only fragments > 100 kb were scored, the presence of plasmids in DNA preparations was not anticipated to influence the interpretation and stability of typing results.
The origin of V. cholerae O139 has been discussed in several reports [9, 10, 16] . Mechanisms proposed for the emergence of this new serotype include (a) acquisition of the virulence gene complex by an environmental non-toxigenic V. cholerae O139 strain and (b) V. cholerae O139 emerged as a result of mutations in a V. cholerae strain already containing the gene complex, e.a. an El Tor vibrio [10] . In this regard, it is interesting that the environmental V. cholerae non-Ol strains detected in northeastern Thailand in 1982 contained similar virulence genes found in O139 strains [5] . However, since all strains showed unique and very different PFGE types compared with O139 strains, a serotype conversion to serogroup O139 as a result of mutations in these strains appears unlikely. We recently demonstrated the presence of two clinical non-toxigenic V. cholerae 0139 strains (NG 288/36 and NG 653/36) [19] . Each of these strains showed a ribotype and a PFGE type very different from the types demonstrated by the toxigenic V. cholerae O139 strains studied. If toxigenic O139 strains were likely to have emerged from an environmental non-toxigenic V. cholerae O139 strain by acquisition of the virulence gene complex, one would expect very similar ribotypes and PFGE types of such strains. The origin of V. cholerae O139 remains to be elucidated. However, there are several cultural, physiological and genetic similarities between O139 strains and V. cholerae Ol, especially the El Tor biotype [9] .
A number of molecular subtyping methods have been applied to V. cholerae O139 [10, 18] . However, most of these studies have reported a clonal nature of O139 strains or demonstrated only few subtypes. Faruque and colleagues [10] compared the RFLPs of ctxA and rRNA genes of 29 V. cholerae O139 isolates from Bangladesh and India and found that the isolates comprised two cholera toxin (ctx) genotypes and all belonged to a single ribotype. PFGE of Not I digested DNA of nine V. cholerae O139 strains isolated in India revealed identical profiles, as did Southern blot hybridization of Not I digested DNA with a cholera toxin probe [17] . A clonal nature of V. cholerae O139 was also suggested in a PFGE (Sma I) study of 0139 strains isolated in India, Bangladesh and Thailand as identical patterns were demonstrated [30] , although the number of strains studied was not reported [30] . Applying PFGE (Sfi I and Not I) and an arbitrarily primed polymerase chain reaction technique to 11 V. cholerae O139 strains isolated in India, including the reference strain MO45, Berche and colleagues [18] reported identical typing patterns by both techniques.
However, a recent study of 21 V. cholerae O139 strains isolated in Bangladesh and India demonstrated two Bgl I ribotypes designated 3a and 5a, respectively [11, 16] . Compared with the ribotypes shown in the present study these ribotypes are identical to ribotypes 1 and 2, respectively. The 21 isolates were further subdivided into 4 PFGE (Not I) patterns, often differing by a single band, with 3 PFGE patterns shared among isolates belonging to the 2 ribotypes [16] . In comparison, we found none of 11 different PFGE (Cpo I) types shared among isolates belonging to 4 different ribotypes, except PFGE subtype B2 which was shared by ribotypes 2 and 3 isolates. Hence, PFGE of V. cholerae O139 using the restriction enzyme Cpo I appears superior compared with Not I in subtyping O139 strains. The discriminatory power of PFGE is dependent, among other factors, on the restriction enzyme in use. Our results emphasize the importance of screening an adequate number of strains with various restriction enzymes before the most appropriate enzyme is chosen.
Although several different PFGE subtypes were demonstrated among V. cholerae O139 strains recovered in Thailand, all isolates examined, except the two non-toxigenic O139 strains, exhibited highly conserved restriction fragment patterns closely related to the PFGE types seen among strains from Bangladesh and India, suggesting recent evolutionary divergence from a common isolate. The O139 strain is, however, evolving over time, as indicated by the different PFGE subtypes showed by O139 strains from Thailand. It is likely that these observed differences in PFGE types among Thai strains reflect random mutations that have occurred as the epidemic has spread. Therefore, PFGE might be used in retrospective studies designed to follow the O139 epidemic as it progressed. In this regard, it is interesting that ribotype 3 and PFGE subtypes Bl, B2, B3 and B4 were unique for strains isolated in Thailand. Additional data should be obtained to confirm the geographic association of O139 strains showing ribotype 3 and PFGE group B types within Thailand.
Our study illustrates the advantage of using the remarkable resolving ability of the PFGE method to conduct comparative restriction fragment analysis. PFGE could differentiate among epidemiologically unrelated 0139 strains that were indistinguishable by ribotyping. In addition, the need for blotting and probing is eliminated, and, unlike ribotyping, essentially the entire genome can be examined, thereby providing a greater degree of strain-specific discrimination. However, our data also show the limitations of PFGE when highly related strains are studied since Molecular typing of Vibrio cholerae O139 57 we did not demonstrate any correlation between certain PFGE types and the origin of the V. cholerae 0139 isolates. Hence, it would be difficult to definitely determine by PFGE (Cpo I) the exact transmission of a particular V. cholerae O139 strain.
